Red fluorescent proteins (RFPs) are genetically-encoded fluorophores that are widely used for in vivo imaging. For all applications of RFPs, brighter variants are desired. Previously, we improved the brightness of mRojoA, a red-shifted mutant of the widely-used RFP mCherry, by designing a triple-decker motif of aromatic rings around its chromophore. This yielded the brighter variant mRojo-VHSV, which contains a triple-decker motif consisting of His and Tyr side chains that pack against the chromophore. This improved chromophore packing resulted in an approximately 3-fold brightness increase at physiological pH. However, the His side chain in the triple-decker motif of mRojo-VHSV adopted a perpendicular arrangement to the other two, which may result in a suboptimal packing arrangement. To further improve chromophore packing in mRojo-VHSV, we performed saturation mutagenesis of residues surrounding its triple-decker motif (positions 62, 97, 165, and 199). Using a microplate fluorescence screening assay, a total of 376 colonies were screened for improved brightness. The brightest mutant found, L199M, was expressed and purified, and its spectral properties were characterized in detail. We found that the quantum yield of this variant was improved by two-fold, resulting in a two-fold brightness increase compared to mRojo-VHSV as well as a 5.3-fold increase in brightness compared to mRojoA. The L199M improved variant is the basis for continued engineering with the goal of further improving the spectral properties of this family of RFPs.
Introduction
Red fluorescent proteins (RFPs) are members of the green fluorescent protein (GFP) superfamily of fluorescent proteins that emit light in the red and far-red regions of the visible spectrum (580-680 nm) (2) . They differ from other members of this superfamily by the presence of an acylimine group conjugated to the standard p-hydroxybenzilideneimidazolinone chromophore of GFP, which extends the size of the chromophore π system, leading to longer emission wavelengths. The longer emission wavelengths of RFPs make them particularly useful for whole-body imaging of research model animals since cells are more transparent to red light (3), allowing deep tissue imaging. An additional benefit of the longer emission wavelength of RFPs is its lower energy, which reduces phototoxicity and thereby enables longer experiments (2) . However, RFPs tend to be less bright than other members of the GFP superfamily (4), making it desirable to develop brighter variants through protein engineering.
Previously, we improved the brightness of mRojoA, a red-shifted and dim variant of the widely used monomeric RFP mCherry (5), by engineering a triple-decker motif of aromatic rings surrounding its chromophore. This resulted in a variant displaying up to 3-fold increases in brightness: mRojo-VHSV with mutations at position 16 (V), 63 (H), 143 (S) and 163 (V). Notably, the conformation of the side chain of residue His63 located directly above the chromophore resulted in a perpendicular arrangement between its aromatic ring and the phenolate group of the chromophore at a distance consistent with a weak edge-to-face -stacking interaction. (1) Here, our goal was to optimize the triple-decker motif to obtain a parallel arrangement of aromatic rings and maximize packing. We hypothesized that such an arrangement would lead to an increase in the RFP brightness and a bathochromic shift in emission wavelength since it would improve the π-stacking interactions of the chromophore with nearby aromatic residues to further increase its conjugation. (6) Optimization of the motif was accomplished by performing saturation mutagenesis of residues S62, M97, L165 and L199, which surround the triple-decker motif in mRojo-VHSV (Figure 1 ). The brightest mutant found, L199M, displayed a two-fold brightness increase compared to mRojo-VHSV as well as a 5.3-fold increase in brightness compared to mRojoA, which was mostly caused by an improved quantum yield.
Results
Screening of the saturation libraries ( with less than 30% of the variants displaying fluorescence above that of negative control cells containing an empty pET-11a vector. In contrast, approximately 75% of the variants from saturation libraries 97 and 165 were fluorescent, suggesting that these positions are more tolerant to mutation. However, none of the fluorescent mutants displayed a significant red shift in their emission wavelength. Three brighter variants (i.e. fluorescence intensity greater than 125% that of the mRojo-VHSV, the parent protein) were identified from the screening. The brighter mutant from library L165X was found to be L165F, while both brighter variants from the L199X library contained the same mutation (L199M). We characterized the spectral properties of mRojo-VHSV L165F and L199M and compared them with those of the mRojo-VHSV parent RFP (Table 2 and Figure 2) .
The mutation L165F conserved the excitation wavelength from its parent protein, but a slight red-shift of 5 nm was observed for the emission wavelength ( Figure 2 , panel I). This discrepancy with the screening results is likely caused by the lower signal to noise ratio of these whole cell assays versus the in vitro assays using purified protein. The extinction coefficient of the L165F mutant decreased by a factor of 1.8 while the quantum yield remained unchanged, resulting in an overall brightness decrease of 1.8-fold. False positives such as this mutation are possible since the screening was done to target variants with increased brightness in whole cells. Such an increase can also be caused by a higher concentration of RFPs in the cells or a more efficient chromophore maturation. By analyzing our computational model, we hypothesize that the presence of the new phenylalanine side chain at position 165 cannot allow the H63 side chain to be in the same conformation because of steric hindrance. Interestingly, the Phe side chain introduced by the L165F mutation is located directly above the His63 side chain, making it possible to form a quadruple-decker motif with the current triple-decker motif (Figure 3 Experiments were performed in triplicate (except for mRojo-VHSV L199M) from three independent proteins preparations at a pH of 7.4. panel II). Contrary to the L165F mutation, the L199M mutation did not affect the extinction coefficient but increased the quantum yield by 2.3-fold. Because of this, an overall increase in brightness of the same magnitude was observed.
Since the L165F mutation causes an emission wavelength red shift while having the potential to create a quadruple-decker motif of aromatic rings, we combined it with the brightness increasing L199M mutation to create the mRojo-VHSV FM double mutant. As was observed with the L199M single mutant, excitation and emission wavelengths were blue-shifted by 4 nm. (Figure 2 , panel III) In addition, the extinction coefficient of the double mutant decreased by a factor of 1.8, as in the L165F single mutant, while the quantum yield increased by a factor of 1.9. Overall, a small (5%) increase in brightness was observed. Even though the quantum yield of mRojo-VHSV FM was lower than that of the single mutant L199M, this variant can potentially form a quadrupledecker motif of aromatic rings while restoring the loss of brightness caused by the L165F mutation.
Discussion
Even though the screening results indicated that the single mutant L165F is brighter than mRojo-VHSV, spectroscopic characterization of the purified protein revealed that this was not the case. However, a small red shift of the emission wavelength was observed. This could be due to parallel π-stacking from residue H63 with the chromophore, as such an interaction was predicted by quantum mechanics to cause a similar emission red shift in GFP (6) . However, it is unclear how this mutation decreased the extinction coefficient. A crystal structure of mRojo-VHSV L165F is required to verify the orientation of the histidine side chain relative to the chromophore.
The increase in brightness observed for the L199M mutant could result from a similar process as was seen in the Overlay of the positioning of L199 in mRojo-VHSV and of I146 in mTurquoise. mRojo-VHSV is shown in orange while mTurquoise is shown in blue. PDB ID: 5H87, mRojo-VHSV (1) and 4AR7, mTurquoise (7) mTurquoise2 cyan fluorescent protein, which displays a quantum yield increase of 10% but no change in extinction coefficient relative to its parent mTurquoise. Goedhart et al. observed that the single mutation I146F increased the number of van der Waals interactions with the chromophore and surrounding residues when it was introduced into mTurquoise. This improved packing led to the rigidification of a flexible strand in mTurquoise and of the chromophore, resulting in a quantum yield increase (7) . A similar process could have happened in mRojo-VSHV L199M since L199 in mRojo-VHSV and I46 in mTurquoise occupy similar positions relative to the chromophore (Figure 4) .
When combining the two mutations, we did not observe a quantum yield increase as was seen in the L199M point mutant, while the extinction coefficient was within error to that of the L165F single mutant, leading us to conclude that the mutations are not additive. The decrease in quantum yield when adding the L165F mutation to the L199M mutation could indicate that it contributes to the destabilization of the chromophore, making it more flexible. Combinatorial mutagenesis at these sites may help to identify synergistic mutations that would increase the quantum yield and overall brightness.
In conclusion, saturation mutagenesis of amino acids surrounding the triple-decker motif of mRojo-VHSV led to an increase in brightness of up to 2.3-fold from the single mutation, L199M. It was also found that the mutation L165F has the potential to form a quadruple-decker
